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Abstract

The presence of nonheme metal, such as copper and iron, in the heme-copper oxidase (HCO) 

superfamily is critical to the enzymatic activity of reducing O2 to H2O, but the exact mechanism 

the nonheme metal ion uses to confer and fine-tune the activity remains to be understood. We 

report that manganese and cobalt can bind to the same nonheme site and confer HCO activity in a 

heme-nonheme biosynthetic model in myoglobin. While the initial rates of O2 reduction by the 

Mn, Fe and Co derivatives are similar, the percentage of reaction active species formation are 7%, 

4% and 1% and the total turnovers are 5.1 ± 1.1, 13.4 ± 0.7, and 82.5 ± 2.5, respectively. These 

results correlate with the trends of nonheme metal-binding dissociation constants (35 μM, 22 μM 
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and 9 μM) closely, suggesting that tighter metal binding can prevent ROS release from the active 

site, lessen damage to the protein, and produce higher total turnover numbers. Detailed 

spectroscopic, electrochemical, and computational studies found no evidence of redox cycling of 

manganese or cobalt in the enzymatic reactions, and suggest that structural and electronic effects 

related to the presence of different nonheme metals lead to observed differences in reactivity. This 

study of the roles of nonheme metal ions beyond the Cu and Fe found in native enzymes has 

provided deeper insights into nature’s choice of metal ion, and reaction mechanism, and allows for 

finer control of the enzymatic activity, which is a basis for design of efficient catalysts for oxygen 

reduction reaction for fuel cells.

TOC image

Introduction

Heme-copper oxidases (HCOs) perform the 4-electron, 4-proton reduction of O2 to H2O (O2 

+ 4e− + 4H+ → 2H2O), and couple this reduction to proton pumping to generate an 

electrochemical gradient that is utilized to synthesize adenosine triphosphate (ATP), the 

biological energy currency.1,2 Nitric oxide reductases (NORs) are structurally homologous 

enzymes to HCOs that carry out the 2-electron, 2-proton reduction of NO to N2O (2NO 

+ 2e− + 2H+ → N2O +H2O), an important step in the biological denitrification process.3 

Despite the different functions, both enzymes belong to the same enzyme superfamily and 

contain a heme-nonheme active site, with a major difference being that HCOs contain 

nonheme CuB, while NOR contains nonheme FeB (Figure S1).4–8 It is interesting to note 

that cross reactivity between HCOs and NORs has been observed, in which each enzyme is 

more reactive towards it native substrate.9,10 Despite studies into understanding these 

differences in reactivity,11,12 an open question in the field remains: why do HCOs use 

copper while NORs utilize nonheme iron for their respective activities. While the most 

direct way of addressing this question would be to replace the nonheme metal ion in either 

HCOs or NORs with another metal ion, such an approach has been unsuccessful in the 

native proteins due to both enzymes being membranous, containing multiple subunits and 

cofactors, as well as their overall size (~70-200kDa) and complexity; any attempt to extract 

the nonheme metal ion from these proteins has resulted in structurally perturbed proteins 

whose activity cannot be restored even after adding the native metal ion back.13 Therefore, 

having a single protein that can bind a wide array of nonheme metal ions would be ideal for 
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answering such a question. Synthetic models of HCOs and NORs have been reported.14–21 

While studies of these models have provided valuable insights into structural features 

responsible for the HCO and NOR activities, to the best of our knowledge the difference of 

nonheme metal ion has not been addressed systematically.

To overcome the above limitations, our group has engineered sperm whale myoglobin into a 

structural and functional model of HCO (L29H, F43H, H64 Mb, called CuBMb), which was 

able to bind Cu and reduce O2 to H2O.22–24 Further designs improved both the number of 

turnovers,25 as well as the overall rate of O2 reduction, even matching the activity observed 

in native systems.26 However, CuBMb was unable to bind Fe, not surprisingly, as it lacks the 

conserved Glu in the Fe-binding site of NORs. Therefore, we added Val68Glu to CuBMb, 

which binds nonheme Fe and exhibits NOR activity, making this protein (called FeBMb, 

Figure 1a) a structural and functional model of NOR.27–30 Given its ability to bind either Fe, 

Cu, or Zn in the nonheme metal binding site with almost identical geometric structures, this 

FeBMb became an excellent system to answer the question of the why HCO and NOR use 

their respective nonheme metal ion in their activities.27,29,31,32 Our findings indicate that 

both nonheme Fe and Cu impart the full 4e−, 4H+ O2-reduction activity to water in FeBMb, 

while redox-inactive Zn and FeBMb without nonheme metal are unable to effectively reduce 

O2 without large generation of ROS.13 More importantly, we found 30-fold and 11-fold 

enhancements in oxidase activity of Cu- and Fe-bound HCO mimics, respectively, as 

compared to Zn-bound mimics. Detailed electrochemical, kinetic and vibrational 

spectroscopic studies, in tandem with theoretical DFT calculations, demonstrate that the 

nonheme metal not only donates electrons to oxygen but also activates it for efficient O-O 

bond cleavage. Furthermore, the higher redox potential of copper and the enhanced 

weakening of O-O bond from the higher electron density in the d-orbital of copper are 

central to its higher oxidase activity over iron. This direct comparison of the effect of Cu and 

Fe in promoting O2 reduction in the same protein scaffold with otherwise identical active 

site has allowed us to provide direct evidence for why nature prefers Cu over Fe in oxidase 

activity and reasons behind such a choice.

Built upon the above success in elucidating the role of nonheme Cu and Fe ion in HCO 

activity, we explored further if the nonheme metal ion can be replaced with other first-row 

transition metal ions such as Mn and Co with different d electron configurations and 

examined whether their presence imparted O2 reduction activity. Cobalt and manganese have 

been used previously as robust probes to uncover necessary electronic structural properties 

and structure-activity relationships in other proteins.33–36 including superoxide 

dismutase,37–41 catechol dioxygenase,42 myoglobin,43,44 P1B-type ATPases,45 and 

metallothioneins.46 Understanding the roles of nonheme metal ions beyond the Cu and Fe in 

native HCO and NOR will provide deeper insights into nature’s choice of metal ion and 

allow finer control of the activity beyond native enzymes. Such an endeavor is a primary 

goal of protein design,47,48 and, while oftentimes the metals within a designed protein are 

not viewed as equally ‘mutatable’ the same way an amino acid is, changes to these crucial 

cofactors provide valuable insights into the enzymatic structure-function relationship. 

Toward this goal, we report herein preparation and characterization of the binding of Mn and 

Co in the nonheme site of FeBMb. The results showed that, while both Co and Mn confer O2 

reduction to H2O with high selectivity toward H2O, the redox activity of Co and Mn is not 
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strictly required, in contrast to those observed for the Cu and Fe-dependent activity. 

Spectroscopic studies coupled with DFT calculations were carried out to explain 

mechanistic differences in these nonheme metal ion-dependent activities.

Materials and Methods

All chemicals and reagents were purchased from Sigma-Aldrich and used without additional 

purification. In this manuscript we will designate the corresponding metallated derivatives as 

MII−FeBMb(FeII) where the MII represents a metal ion with the designated oxidation state 

(II) occupies the nonheme FeB center and the FeII represents FeII-protoporphyrin IX (heme) 

in the heme-binding site. When the FeB center is empty, it will represented as E-

FeBMb(FeII).

Expression, purification, and formation of nonheme-bound proteins

E-FeBMb(FeIII) was expressed and purified as described previously, with small changes.27,29 

Proteins were expressed using E. coli BL21(DE3) Competent cells (New England Biolabs). 

Proteins were refolded through dialysis against 10 mM Tris at pH 8.0. After refolding, buffer 

exchange was achieved by loading onto a size exclusion column equilibrated with 100 mM 

potassium phosphate pH 7. After purification, FeBMb(FeIII) was degassed using standard 

Schlenk line techniques, brought into a Coy Labs vinyl type anaerobic chamber (<1 ppm 

O2), reduced using dithionite, and buffer exchanged using Sephadex G-25 PD-10 Desalting 

Columns (GE Life Sciences) equilibrated with 50 mM Bis-Tris pH 7.3. MII-FeBMb(FeII) 

bound forms of the protein were obtained by addition of 2 molar equivalents metal (with 

respect to protein) to E-FeBMb(FeII), and any unbound MII ions were removed by PD-10 

column. The metal sources for MnII and CoII were MnCl2 · 6H2O and CoCl2 · 6H2O, 

respectively.

Crystallization of MII-FeBMb(FeII)

Crystals of FeBMb(FeIII) were grown as previously described,27 with slight changes. 

Crystals were grown aerobically in large (~150 – 200 μL) sitting drops of 1.5 mM protein 

solution in 20 mM potassium phosphate pH 7 mixed 1:1 with well buffer (0.2 M sodium 

acetate trihydrate, 0.1 M sodium 2-(N-morpholino)ethansulfonate (MES) pH 6.5 and 30% 

w/v PEG 10,000). This mixture was equilibrated via vapor diffusion against 30 mL of the 

crystallization solution at 4°C. Crystals appeared within 3 days and matured after 1 week. 

Nonheme metal-bound crystals were prepared by anaerobic soaking of ~10 eq. of the 

appropriate metal solution in a mixture of FeBMb(FeII) and well buffer. A cryoprotectant of 

50% PEG 400 was used immediately prior to freezing the crystals using liquid nitrogen.

Data collection

Diffraction of MnII- and CoII-FeBMb(FeII) was carried out at 100 K using beamline 14-1 at 

SSRL. Data were processed using the HKL2000 package.

Structure determination

These structures were solved via molecular replacement using the PHENIX software suite,49 

with PDB 3K9Z as a starting model. Multiple rounds of automated model building and 
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refinement using PHENIX, as well as manual model modification using Coot, were carried 

out to generate the final structures. PyMol was used to generate the figures shown. The 

structures were deposited to the PDB with accession codes 5VNU and 5VRT for MnII- and 

CoII-FeBMb(FeII), respectively.

UV/Vis spectroscopy

Preparation of the nonheme metal-bound forms of FeBMb(FeII) inside of the anaerobic 

chamber utilized UV/Vis spectroscopy collected on a Hewlett-Packard 8453 

spectrophotometer.

O2 consumption assays

The rate of water and ROS production was measured and calculated previously 

reported.13,25,50,51 Metal-bound protein variants were prepared and transferred outside to an 

Oxytherm Clark-Type electrode (Hansatech) using gas-tight syringes (Hamilton Co.). The 

reaction was started via addition of 18 μM protein to a solution containing 1.8 mM TMPD, 

18 mM ascorbate, and air-saturated 100 mM potassium phosphate pH 6. Experiments were 

also carried out at 40 μM protein using O2-saturated buffer at ~800 μM, in the same buffer 

using the same amount of TMPD and ascorbate. The ratio of ROS/water formation was 

determined by repeating the measurements in the same solution with 7 μM catalase and 250 

U superoxide dismutase (SOD) added to selectively react with H2O2 and O2
−, respectively, 

generating O2. This leads to an apparent decrease in the O2 consumption rate which can be 

used to compare the rates with and without catalase/SOD and to calculate the ratio of ROS/

water formed.

Spectroelectrochemistry

The heme redox potential (E°) was determined using an optically transparent thin-layer cell 

and measured spectroelectrochemically via UV/Vis on a CARY 3E as described previously. 

Potential steps of 25 mV the range of −300 to +200 mV vs SHE were used. Global analysis 

of the data was done using SpecFit.13,51

Stopped-flow UV/Vis

Stopped flow measurements were done on an Applied Photophysics SX18.MV spectrometer 

with a 256-element photodiode array detector. Equal volumes of MII−FeBMb(FeII) and 

oxygen-saturated buffer solutions were mixed. The apparatus was equipped with a NESLAB 

RTE-111 refrigerated bath chiller circulator that was used to maintain the reaction 

temperature at 8°C. Logarithmic data sampling was used on a total of 1000 spectra collected 

over a 300 s timescale.

X-ray absorption near edge structure (XANES) measurements

XANES samples were prepared anerobically in custom-made 100 μL Lexan cells sealed 

with Kapton tape. All proteins were concentrated to ~2 mM before freezing. The 0 s 

timepoint samples were frozen in the XANES cells anerobically before exposure to O2. 10 

m timepoint samples were prepared by reacting the metal-added protein solution with O2-

saturated buffer before freezing. Mn- and Co-edge (6.537 and 7.709 keV, respectively) were 
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collected at the Stanford Synchrotron Radiation Lightsource (SSRL) operating at 3 GeV 

with 500 mA currents on beamline 9–3 using a Si monochromator (ϕ = 90°, energy cutoff 

12 keV) and a Rh-coated mirror. Data were collected in fluorescence mode on a Canberra 

100-element Ge array detector with maximum count rates below 120 kHz. Soller slits and a 

3 μm Z-1 (Mn oxide) filter were placed between the samples and the detector array to reduce 

Compton and elastic scattering. Edge energy was calibrated against an Fe reference foil that 

was scanned simultaneously with every sample. Samples were scanned 4–6 times divided 

between 2–3 spots (2 mm × 3 mm) in the sample holder at a temperature of 8–10 K and 

averaged for analysis. XANES data were collected from ~150 eV above and below the edge 

energies of the specific metals being investigated to aid in background subtraction and 

normalization with energy steps of 0.25 eV in the edge region. Data analysis was performed 

using Athena from the Demeter software suite. A flat pre-edge was achieved by subtracting 

a line anchored through points at least 30 eV below the edge, and the spectra was 

normalized by subtracting a second order polynomial fixed to points greater than 60 eV 

above the edge.

Resonance Raman (RR) measurements

Rapid freeze quench (RFQ) was used to prepare O-2-reacted complexes of MnII- and CoII-

FeBMb(FeII) from the single millisecond to tens of second range, and followed a previously 

described protocol.13,52 MII-FeBMb(FeII) was prepared anaerobically as described above 

(Omnilab System, Vacuum Atmospheres Co.), then loaded into RFQ glass syringes. 7 mL of 

either 16O2 or 18O2 gas was added to 2.5 mL of degassed buffer in air-tight serum bottles, 

incubated for 1 hour, then loaded into RFQ glass syringes to prepare O2-saturated buffers. 

The RFQ syringes were screwed into the System 1000 Chemical/Freeze Quench Apparatus 

(Update Instruments) and immersed in a water bath at 4 °C. Reactor length and displacement 

rate were adjusted accordingly for specific time points. For the millisecond time points, a 

total volume of ~250 μL of the solutions were rapidly mixed by the apparatus and frozen 

inside an NMR tube cooled to −120 °C using liquid ethane. Longer time points on the 

second scale were prepared and frozen manually using a similar setup. Resonance Raman 

was collected before and after ethane removal via 80°C incubation for 2 hours. 

Measurements were collected using a 407 nm excitation from a Kr laser (Innova 302C, 

Coherent) using a McPherson 2061/207 spectrograph equipped with a liquid nitrogen cooled 

CCD detector (LN-1100 PB, Princeton Instruments). A long pass filter (RazorEdge, 

Semrock) was used to attenuate Rayleigh scattering. Samples were kept at 110 K using 

liquid nitrogen. Sample photosensitivity was determined by short spectral acquisition with 

low laser power while spinning the sample and comparing the porphyrin skeletal modes in 

the high-frequency region. The frequencies were calibrated relative to aspirin and are 

accurate to ±1 cm−1.

DFT calculations

All residues coordinated to Fe and Co/Mn are included in the calculations and truncated at 

Cα atoms. In CoII-FeBMb(FeII), H43 is also included in the model because it is hydrogen 

bonded to a water molecule (W39) coordinated to Co. A non-substituted porphyrin (Por) 

was used in the models. All models were subject to partial geometry optimizations with only 

protein residue Cα atoms frozen at the X-ray structure positions to mimic the protein 
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environment based on previous work.53 All calculations were performed using the Gaussian 

09 program with the DFT method B3LYP54 and the 6-311G(d) basis for all heavy atoms and 

6-31G(d) for hydrogens, similar to previously reported related metalloprotein model 

studies.55–57 The bulk protein environment was simulated with the self-consistent reaction 

filed method using the PCM approach with a dielectric constant of 4.0 as previously 

reported.58 In addition to electronic energy E, the zero-point energy corrected electronic 

energy (EZPE), and the enthalpy (H) and Gibbs free energy (G) at ambient conditions were 

calculated in each case. The atomic charges using the Natural Population Analysis (NPA) 

and Muliken spin densities were also calculated. As shown in the Supporting Information, 

both ferromagnetically and anti-ferromagnetically coupled Fe and Mn/Co systems were 

studied and found to have insignificant difference in energies; thus, only the anti-

ferromagnetically coupled Fe and Mn/Co systems were discussed here.

Results and Discussion

We first determined whether MnII or CoII binds to E-FeBMb(FeII) using UV/Vis 

spectroscopy. UV/Vis spectroscopy is advantageous in studying E-FeBMb(FeII) in that 

nonheme metal binding close to the heme center can result in a shift of the heme spectrum, 

which provides a rapid and clear indication of nonheme metal binding.3,27,29,30,59 Therefore, 

we titrated MnII to a solution of E-FeBMb(FeII), and observed a red shift of the Soret band 

from 433 nm to 434 nm, as well as a splitting of the 557 nm peak in the visible region of the 

spectrum, indicative of MnII binding to the nonheme metal site.27,29,30 Similar spectral 

changes were observed upon addition of CoII to E-FeBMb(FeII) (Figure S2). By measuring 

the spectral changes upon addition of sub-stoichiometric to excess (~5 eq.) amounts of 

nonheme metal, Kd values of 35 μM and 9 μM for MnII and CoII, respectively, were 

obtained. Interestingly, the Kd of FeII binding to the nonheme site of E- FeBMb(FeII) was 

determined to be 22 μM,30 and, when compared the affinities of these three metal ions for 

the designed nonheme site, follows the Irving-Williams series trend of MnII < FeII < CoII

Having determined the affinity of metal binding at the nonheme site in E-FeBMb(FeII) using 

UV/Vis, we measured the rate of oxygen reduction quantitatively using an O2 Clark-type 

electrode and a protocol reported previously in native HCO.60–63 A critical factor in 

determining the success of MnII- and CoII-FeBMb(FeII) as models of HCO is demonstrating 

that they are capable of the selective and complete 4-electron and 4-proton reduction of 

oxygen to water without the release of reactive oxygen species (ROS), such as peroxide or 

superoxide.64–69 In order to determine the O2 reduction product, we added superoxide 

dismutase (SOD) and catalase, which selectively react with superoxide and peroxide, 

respectively, forming O2 and resulting in a decreased rate of O2 consumption relative to the 

amount of ROS produced.

In all cases, an initial rapid drop in [O2] was observed, attributable to O2 binding to heme 

(Figure 2). In the absence of any metal ion in the nonheme site, O2 reduction using 18 μM 

E-FeBMb(FeII) results in an initial rate of 0.21 ± 0.03 μM/s, with 73% ROS formation.70 

The presence of MnII and CoII at the nonheme site in E-FeBMb(FeII) had two effects. First, 

both nonheme metals increase the rate of O2 reduction compared to E-FeBMb(FeII) to 1.14 

and 1.01 μM/s, respectively. Second, the presence of MnII and CoII in the nonheme site 
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resulted in greatly reduced ROS generation, displaying only 7% and 1%, respectively. In 

comparison O2 reduction by FeII-FeBMb(FeII) resulted in 4% ROS formation.13 Control 

experiments using wild-type myoglobin in the presence of MnII and CoII showed similar 

rates to E-FeBMb(FeII), as well as a large percentage of ROS production, > 75% (Figure S3), 

indicating that the designed mutations of FeBMb are responsible for binding of MnII and 

CoII and for their respective activities. While the rates of O2 reduction by MnII- and CoII-

FeBMb(FeII) are comparable to that of FeII-FeBMb(FeII) (1.15 μM/s), the percentages of 

ROS formation (7, 4 and 1%) for MnII, FeII and CoII derivatives follow the same trend as 

that of metal binding affinities (35, 22 and 9 μM), suggesting that higher affinity for the 

metal ion is associated with lower percentage of ROS formation. Furthermore, another trend 

is also followed in the total turnover numbers (TTN), as higher affinity has resulted in higher 

TTN for MnII-, FeII-, and CoII-FeBMb(FeII) completing 5.1 ± 1.1, 13.4 ± 0.7, and 82.5 ± 2.5 

total turnovers, respectively (Figure S4). Since the above results were obtained using 18 μM 

of protein, we carried out additional experiments using 40 μM protein, conditions where the 

nonheme sites would have higher metal occupancy. Interestingly, the TTN for MnII-, FeII-, 

and CoII-FeBMb(FeII) increased from 5.1 ± 1.1, 13.4 ± 0.7 and 82.5 ± 2.5, respectively, at 18 

μM protein, to 11.0 ± 1.3, 17.8 ± 1.2, and 92.8 ± 7.4, respectively, at 40 μM protein, with 

%ROS decreasing from 7, 4, and 1%, to 5, 2.5, and 1%, respectively, at 40 μM protein 

(Figure S5). These results suggest that the higher metal occupancy of the nonheme site 

resulted in less pronounced differences in TTN and %ROS, but maintained the trend 

observed at the lower protein concentration.

In order to understand the interesting differences in O2 reduction activity described in the 

above paragraph, we next carried out mechanistic investigations of the reaction. Our first 

step in this process was to determine if the redox activity of each nonheme metal ion plays 

any role in this reaction. In native HCO, the nonheme CuI has been shown to donate an 

electron during the O2 reduction catalytic cycle.69 However, results from synthetic models of 

the heme-copper center in HCO using small organic molecules as ligands suggest that the 

nonheme metal ion may act as a Lewis acid, and does not participate directly in electron 

donation.71,72 Using the biosynthetic model of FeII- and CuI-FeBMb(FeII), we had 

previously reported that the propensity of FeII or CuI to donate electrons to heme-bound 

oxygen is responsible for the difference in O2 reduction activity. Because FeII and CuI are 

very different, not only in charges but also in geometric properties, the above conclusion 

from biosynthetic modeling studies is tentative. Since MnII and CoII have the same charge as 

FeII, with the major difference among the three metal ions being d electron configuration, 

studying MnII- and CoII-FeBMb(FeII) and comparing them with FeII−FeBMb(FeII) offers a 

unique opportunity to elucidate the precise role of d electron-based redox in the O2 

reduction activity.

We used XANES spectroscopy to determine the redox state of the nonheme metal ion before 

and after reaction with O2. Both the pre-edge and edge energies in the XANES spectrum of 

MnII-FeBMb(FeII) do not shift after reaction with O2 (Figure 3). The overall shape and 

intensities of each spectrum are also similar, supporting the presence of MnII both before 

and after reaction with O2.73 For CoII-FeBMb(FeII), prior to reaction with O2, the edge 

energy is ~ 7718 eV. Upon reaction with O2, the edge energy shifts ~4 eV to 7722 eV 

(Figure 3). Additional changes included a moderate attenuation of the pre-edge feature 7112 
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eV and increase in the main peak intensity at 7727 eV. Post edge features at 7740 eV, 7752 

eV, and 7768 eV, showed slight changes in intensity as well. None of these features had an 

energy shift after reaction with O2.

Previous reports of CoIII complexes typically have a main absorption peak at ~ 7730 eV, as 

well as a secondary peak near 7720 eV. CoII complexes, on the other hand, possess a single 

peak at lower energy ~7720 eV.74 Additionally, CoII XANES in the post-edge region display 

a local minimum intensity ~ 7745 eV, which leads to a broad shoulder near 7760 eV. On the 

other hand, CoIII displays a peak ~ 7730 eV, which leads to a local minimum intensity ~ 

7755 eV. Finally, previous studies of Co complexes report significant attenuation of white 

line intensity upon oxidation from CoII to CoIII.74 While the ~4 eV shift in the edge energy 

of CoII-FeBMb(FeII) reacted with O2 is notable, the overall shape and position of other 

features most closely resembles CoII complexes. We attributes such small changes to 

geometry or the ligand set of the nonheme CoII caused by reaction of O2 with CoII-

FeBMb(FeII), and not from oxidation to CoIII. This conclusion is supported by the DFT 

optimized structures of the oxygen-bound form of the protein indicate a more octahedral 

geometry for CoII, which our XANES data most closely match with (vide infra).74 Overall, 

the XANES spectra for CoII-FeBMb(FeII) are indicative of CoII present at the nonheme site 

both before and after reaction with O2.74,75 In contrast, previous XANES studies showed 

both nonheme CuI and FeII were oxidized to CuII and FeIII under similar conditions.13 These 

results are interesting and indicate that, in contrast to FeII- and CuI−FeBMb(FeII), whose 

nonheme metals rapidly donate electrons to a heme-oxy species during the O2 reduction 

reaction, we do not observe oxidation of MnII or CoII during this same activity.

Since we did not observe oxidation of MnII or CoII during the O2 reduction reaction in MII− 

FeBMb(FeII), we wondered whether they influence the activity by exerting an effect on the 

heme reduction potential. We utilized spectroelectrochemistry to measure the heme FeIII/FeII 

reduction potential E°ʹheme in the presence of different nonheme metal ions. The E°ʹheme in 

E-FeBMb(FeII) was determined to be −158 ± 4 mV, and increased to 23 ± 4 mV and 4 ± 1 

mV upon binding of MnII and CoII, respectively (Figure S6). Similar trends in the E°ʹheme 

were observed upon binding of FeII, CuI, and ZnII, with values of −46 ± 4 mV, −64 ± 4 mV, 

and −45 ± 2 mV, respectively.13,27 Given the similar shift in E°ʹheme across all nonheme 

metal ions added, even though some displayed very different O2 reduction activity, we 

concluded that the influence of the nonheme metal ions on the E°ʹheme does not play a role 

in the different O2 reduction activities.

We next probed the interaction of O2 with MnII- and CoII-FeBMb(FeII) using stopped flow 

UV/Vis spectroscopy. MnII-FeBMb(FeII) very rapidly forms a transient spectrum with 

visible peaks at 547 and 577 nm characteristic of heme-oxy complexes,50,76–78 which then 

converts to MnII−FeBMb(FeIII). CoII-FeBMb(FeII) formed a spectrum with peaks in the 

visible region at 544 and 583 nm (Figure 4A, blue), also characteristic of oxygen-bound 

heme,50,76–78 that transitions to a spectrum resembling CoII-FeBMb(FeIII) with visible peaks 

at 498 and 619 nm (Figure 4A). The transitions of MnII- and CoII-FeBMb(FeII-O2) to MnII- 

and CoII-FeBMb(FeIII) proceed with isosbestic points at approximately 520 nm for both 

variants, and 599 nm for the CoII variant only, indicating no observation of additional 

intermediate formation, likely due to the lack of electron donation from the nonheme metals, 
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after oxygen binds to heme, supporting the conclusions drawn from the XANES data, above. 

Compared to MnII-FeBMb(FeII), however, CoII-FeBMb(FeII) formed the heme-oxy species 

more slowly (kobs = 41.2 s−1 and 2.64 s−1, respectively) and was slower to decay to MII-

FeBMb(FeIII), (kobs = 0.971 and 0.119 s−1, respectively). Higher-order iron-oxo species, 

such as FeIV=O which is implicated in the HCO mechanism,79 and other similar species 

were not observed in these case.80,81 Interestingly, a clear formation of heme-oxy was not 

observed in FeII- or CuI-FeBMb(FeII) because the nonheme FeII or CuI donates an electron 

to heme-bound oxygen.13 This electron transfer thus leads to more highly reactive heme-

oxygen species, such as peroxy which were unable to be detected.13 On the other hand, 

when redox inactive ZnII is bound at the nonheme site a stabilized heme-oxy complex is 

observed, due to lack of electron donation from the nonheme metal.13 The similarities 

between the spectra of MnII-,CoII-, and ZnII-FeBMb(FeII) upon reaction with O2-saturated 

buffer suggest that these nonheme metals do not donate electrons during this reaction. 

Ultimately, the formation of the more stabilized reaction intermediate in CoII-FeBMb(FeII) 

could help to explain why this derivative has the smallest % ROS production and highest 

turnover observed in comparison with MnII- and FeII-FeBMb(FeII), given that release of 

ROS will lead to self-degradation of the enzyme.82,83

Intrigued by these results, we next investigated the same reaction in the presence of excess 

(~100/1000 eq.) TMPD/ascorbate, acting as electron donor and sacrificial reductant, 

respectively, simulating multi-turnover conditions. For MnII-FeBMb(FeII), the spectrum 

rapidly converted from the starting MnII-FeBMb(FeII) to a heme-oxy like spectrum with 

peaks at 547 and 577 nm, and then continues to react forming ferric MnII−FeBMb(FeIII), 

similar to the case without TMPD/Ascorbate present. Similarly, CoII-FeBMb(FeII) formed 

peaks at 544 and 583 nm (Figure S7), consistent with heme-oxy formation and, again, 

similar to the single-turnover conditions. Under multi-turnover conditions, however, CoII-

FeBMb(FeII-O2) then transitioned to steady state, displaying peaks at 498, 544, 583, and 

619nm, which is indicative of a mixture of the ferric product and oxy-heme intermediate. 

Upon consumption of O2, the spectrum returns to ferrous heme, with visible peaks at 551 

and 573nm, as well as a small shoulder near 514 nm, suggesting that nonheme CoII still 

bound to the nonheme site of FeBMb,27,29–32 which is critical for additional rounds of 

catalysis. This key difference in reactivity further helps to highlight the differences in total 

turnover between MnII- and CoII-FeBMb(FeII) towards O2 reduction, and to showcase the 

importance of nonheme metal ion identity in maintaining O2 reduction activity by forming 

stable intermediates during the reaction.

Having identified a heme-oxy species in both MnII- and CoII-FeBMb(FeII), we investigated 

the impact that these nonheme metals had on the heme-oxy O-O bond length, and their 

effect on oxygen activation, using resonance Raman (RR) spectroscopy. Rapid freeze 

quench (RFQ) samples were prepared with 16O2 and 18O2-saturated buffer. The high-

frequency RR spectra show that optimum enrichment for a heme-oxy complex (v4 at 1377 

cm−1) relative to the starting ferrous and ending ferric products (v4 at 1353 and 1371 cm−1, 

respectively) (Figure 5). Low frequency RR spectra were used to characterize the v(Feheme-

O2) modes (Figure S8). For CoII-FeBMb(FeII-O2), v(Feheme-O2) was detected at 599 cm−1, 

which is similar to that observed in ZnII-FeBMb(FeII-O2) and is indicative of a strengthening 

of the Fe-O bond, but a weakening of the O- O bond. These data are consistent with our 
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previous determination that the nonheme metal ion is capable of activating heme-bound 

oxygen. Taken together with the XANES data of CoII−FeBMb(FeII) reaction with O2, 

evidence suggests that nonheme CoII does not donate electrons during the reduction of O2, 

but is still capable of activating the O-O bond for efficient reduction to H2O. Therefore, in 

the case of O2 reduction using binuclear heterometallic heme-nonheme systems, we do not 

observe electron donation from certain nonheme metals for efficient 4-electron reduction of 

oxygen to water. It appears that this reduction activity can still be accomplished through O-

O bond activation by the nonheme metal, perhaps acting as a Lewis acid and not a redox 

partner, as described previously for synthetic systems.71,72 The Lewis acidity of other 

divalent metal ions, such as MgII, CaII, SrII, and BaII, was previously quantified from the 

gZZ values of the EPR spectra of [M]-O2
− complexes, and in the cases where oxidation state 

was the same, metal Lewis acidity would increase with decreasing ionic radii.84 The ionic 

radii trend for the nonheme metals investigated here is MnII (0.83 Å) > FeII (0.78 Å) > CoII 

(0.75 Å).85 CoII, being the metal with the smallest radii, would thus be the strongest Lewis 

acid among the three. While we state that the O2 reduction rate is similar for the different 

nonheme metal variants at 18μM, the %ROS formation follows the trend MnII > FeII > CoII. 

Thus, it appears that the stronger the Lewis acidity, the more heme-bound oxygen is 

activated, allowing for easier cleavage of the O-O bond to produce more water in the case of 

these three metal ions.

To understand structural features responsible for the differences in binding affinities and 

reactivity among the three metal ions, we employed x- ray crystallography to determine the 

binding site of MnII and CoII in FeBMb(FeII). Diffraction data of MnII- and CoII-

FeBMb(FeII) at 1.5 Å and 1.9 Å, respectively, were collected above and below the K-edge 

for the respective metal, confirming that each crystal structure contained the specific 

nonheme metal ion in the designed nonheme site in the distal heme pocket of FeBMb(FeII) 

(Figure 1A). As a point of reference, FeII is the metal cofactor in the original design of 

nonheme site, and was shown by crystallography to contain FeB coordinated by imidazole 

nitrogens of H29, H43, and H64, OE1 of E68 and a water molecule. The bond distances 

between FeB and OE1 and OE2 of E68 are 2.19 Å and 3.28 Å, respectively, indicating that 

the E68 coordinated to Fe monodentantly. When MnII is bound at the nonheme site, its 

overall coordination sphere and geometry is similar to that of FeII (Table 1), but some of the 

bond lengths have been extended, likely leading to the weaker Kd determined for MnII 

binding compared to FeII. When CoII is bound in the nonheme site, the nitrogens of both 

H29 and H64 coordinate to CoII directly, like in FeII- and MnII-FeBMb(FeII), but H43 does 

not. Instead, it is replaced by a water molecule that is coordinated to the CoII at a distance of 

2.34 Å while hydrogen-bonding to one of the nitrogens of H43 at a distance of 2.38 Å. In 

addition, the distances between the CoII and OE1 and OE2 of E68 are 2.36 Å and 2.12 Å, 

respectively, suggesting that E68 coordinates to CoII bidentantly. Finally, there is another 

water molecule at a similar position as the water in FeII- and MnII−FeBMb(FeII), making 

CoII coordination sphere a near-octahedral geometry. Petrik et. al. recently identified the role 

that an extended hydrogen bonding network plays in promoting O2 reduction activity in a 

similar model protein to those used in this study.86 Specifically, introduction of an extended 

hydrogen-bonding network allowed for efficient proton delivery necessary for the designed 

O2 reduction activity through formation of more appropriate intermediates compared to the 
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wild type protein. Similarly, the presence of an additional water molecule in the 

CoII−FeBMb(FeII) structure compared to the MnII and FeII forms could promote a similar 

effect through enhanced proton shuttling leading to O-O bond cleavage.

These structural differences and bonding interactions are a likely cause for the observed 

stronger binding of CoII compared to both MnII and FeII, which in turn leads to the higher 

total turnovers of CoII-FeBMb(FeII). Additionally, with respective to heme ligation and 

coordination, there are important differences. The bond length between O1 of E68 and heme 

iron is 3.44, 3.22, and 2.46 Å for FeII-, MnII-, and CoII-FeBMb(FeII), respectively. Thus, O1 

of E68 in CoII−FeBMb(FeII) coordinates heme iron, as opposed to the other cases. Such a 

crowded environment with CoII present is likely a key factor for the rate at which the heme-

oxy spectrum is formed in these variants, with MnII-FeBMb(FeII) forming heme-oxy much 

more rapidly (vide supra) given the less crowded heme site.

To help understand the oxy intermediates, and the role nonheme metal is playing in terms of 

oxygen activation and redox activity, we employed density functional theory calculations. 

All residues coordinated to MnII- and CoII-FeBMb are included in the calculations and 

truncated at Cα atoms, and modelled to match each respective crystal structure. O2 was then 

added to the models, which were then energy-optimized.

As shown in Figure 6, O2 can stably bind with both the heme iron and nonheme metal. 

Interestingly, regarding the oxy-bound forms for these two protein systems, even with initial 

setups of oxidized MnIII and CoIII states, computational results show that the most favorable 

oxidation states for both Mn and Co remain +2, and thus strongly support the above 

experimental results indicating that these metals are not oxidized. Although these two metals 

do not provide electrons like in the case of FeII and CuI studied previously,13 they do help 

activate O2 as evidenced by elongated O-O bond lengths by ~0.03 Å compared to the empty 

nonheme site (Table 2). This is also in good agreement with resonance Raman experimental 

results. It is interesting to note that, in this oxy-bound form, although the Fe-O bond lengths 

for MnII and CoII-FeBMb(FeII-O2) are similar (1.883 and 1.894 Å, respectively), the Co-O 

distance is significantly shorter than the Mn-O distance by 0.274 Å. This observation 

suggests that the positively charged metal center may have stronger interaction with the 

negatively charged O2 moiety in the case of CoII than MnII which helps stabilize the oxy-

form. Indeed, the calculated Gibbs free binding energy of O2 to this active site is −15.71 

kcal/mol for CoII-FeBMb(FeII-O2), which is much stronger than that for Mn, −1.43 kcal/

mol. This is in excellent agreement with above observed slower decay rate of this oxy 

species in the case of CoII vs. MnII. In addition, computational geometry optimization 

results of the O2-free active sites also reproduced the x-ray structural features, supporting a 

key difference between MnII and CoII in such structures: for Mn, there is a vacant 

coordination site above the heme plane available for incoming O2, while for Co, that site is 

occupied by E68. Therefore, the O2 binding to heme Fe in CoII-FeBMb(FeII) needs to 

displace E68 coordination first, which takes more energy and slows down the process, 

consistent with experimentally observed slower formation rate of the oxy species than 

MnII−FeBMb(FeII). The DFT calculations also help to provide additional insights into the 

observed changes in the XANES spectra (vide supra) upon reaction with O2. Heme-bound 

O2 in MnII- and CoII-FeBMb(FeII) interacts more weakly with nonheme MnII than CoII 
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(RM-O of 2.400 and 2.126 Å, respectively) (Table 2), which would help explain the larger 

changes observed in the XANES spectra of CoII-FeBMb(FeII) compared to MnII-

FeBMb(FeII) when both are reacted with O2. Additionally, O2 replaces one of the CoII Glu68 

O ligands, forming a more octahedral geometry than the starting structure, which would lead 

to a XANES spectrum closely matching octahedral CoII. Additional discussions regarding 

centrosymmetry of the CoII center can be found in the supporting information. In the case of 

MnII-FeBMb(FeII), addition of O2 to the DFT optimized structure leads most notably to a 

translation of the MnII and associated ligands more directly over the heme. The overall 

geometry of MnII, however, is largely maintained (Figure S9). These effects would help 

explain the smaller changes in the XANES spectra of MnII-FeBMb(FeII) when compared to 

CoII-FeBMb(FeII).

Conclusion

In conclusion, we have investigated the roles of MnII and CoII in conferring and fine-tuning 

O2 reduction activity in a biosynthetic model of HCO/NOR in myoglobin. The MnII and 

CoII binding at the nonheme iron site was observed with UV/Vis spectroscopy and 

confirmed by x-ray crystallography. Enzymatic activity assays of O2 reduction with and 

without catalase and superoxide dismutase identified the majority of product formation as 

H2O rather than ROS such as peroxide. Interestingly, the total turnover number and ROS 

production of each nonheme variant follows the same trend as Kd, suggesting that nonheme 

binding affinity plays an important role in the ability of each variant to perform multiple, 

complete reactions, especially given that E-FeBMb(FeII) displays poor O2 reduction activity 

and product selectivity. Spectroscopic results from XANES and RR suggest that electron 

transfer from the nonheme metal ion is not strictly required for selective 4-proton, 4-electron 

reduction of O2 to H2O. Rapid stopped-flow UV/Vis and RR spectroscopies, coupled with 

DFT calculations, identified important mechanistic information regarding the roles of 

nonheme MnII and CoII on O2 binding and activation. Overall, our results clarify future 

efforts towards understanding specific structural, redox, and electronic features required for 

efficient O2 reduction and may assist in future designs of catalysts for oxygen reduction for 

fuel cells.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Crystal structures of (A) FeII-, (B) MnII-, and (C) CoII-FeBMb(FeII). Water molecules are 

shown as red spheres, while nonheme metal ions are shown as magenta, green, and cyan 

spheres for MnII, FeII and CoII, respectively.
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Figure 2. 
(A) O2 consumption traces of E-FeBMb(FeII) (black), MnII−FeBMb(FeII) (red), FeII-

FeBMb(FeII) (green), and CoII-FeBMb(FeII) (blue). (B) Oxygen consumption rates for all 

four nonheme metal protein variants.

Reed et al. Page 18

J Am Chem Soc. Author manuscript; available in PMC 2018 September 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
XANES spectra of the reaction of (A) MnII-FeBMb(FeII) and (B) CoII-FeBMb(FeII) with 

O2-saturated 100 mM potassium phosphate pH 6. Black lines for each plot represent the 

protein before reaction with O2, while red lines represent the protein 10 minutes after 

reaction with O2. Insets show first derivative spectra.
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Figure 4. 
Stopped-flow UV/Vis measurements of (A) MnII-FeBMb(FeII) and (B) CoII-FeBMb(FeII) 

upon reaction with O2-saturated 100mM potassium phosphate pH 6 buffer between 1ms and 

300s. The coloring order of each trace (from earliest to latest) is black (1ms) → green (for 

MnII-FeBMb(FeII), 20ms) → blue (600ms) → red (300s).
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Figure 5. 
Resonance Raman spectra of rapid freeze quench samples of CoII−FeBMb(FeII) prepared 

upon reaction with 16O2- (black) or 18O2-saturated (red) buffer.
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Figure 6. 
Optimized oxy-bound structures for (A) MnII- and (B) CoII-FeBMb(FeII) proteins. Color 

scheme: C – cyan, N – blue, O– red, H – grey, Fe – black, Mn – light purple, Co – navy blue.
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Table 2

Bond length of O2-added variants

FeBMb variants RFe-O (Å) RM-O (Å) RO-O (Å)

E 1.869 / 1.277

MnII 1.883 2.400 1.301

CoII 1.894 2.126 1.303

FeII 1.843 1.997 1.334
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